predictor of outcome (p < 0.001). Among 63 patients (32%) of the study cohort who showed more than two myocardial segments with thallium-201 redistribution, the adjusted risk ratio for a cardiac event was 7.5 (95% confidence interval 2.9 to 19.1) compared with patients without any redistribution. Conclusions-Dipyridamole thallium-201 scintigraphy can be performed safely within a few days of the event in patients with uncomplicated myocardial infarction, including those who received thrombolysis, and can identify a subgroup of patients at high risk of future ischaemic events.
Early non-invasive risk evaluation of patients after myocardial infarction is helpful in identifying those who need expeditious angiography and coronary intervention and, conversely, those who are safe to be discharged early from hospital. Routine thrombolytic treatment has potentially increased the need for early assessment, as thrombolysis can result in more residual jeopardised myocardium and an increased risk of later ischaemic events.
1-3 While complications such as heart failure or recurrent angina identify high risk patients after infarction, a more frequent clinical problem is the identification of initially asymptomatic patients who are at potential risk of later cardiac events. [4] [5] [6] Many studies have established the safety and prognostic value of a low level exercise electrocardiography test before hospital discharge or a symptom limited test a few weeks later in clinically uncomplicated patients. [7] [8] [9] [10] [11] Thallium-201 scintigraphy with exercise adds to the sensitivity of detection of residual ischaemia and future cardiac events. [12] [13] [14] However, pharmacologically induced coronary vasodilatation by dipyridamole has also been shown to be as eVective as maximal exercise testing in creating regional myocardial perfusion abnormalities detected by thallium-201 imaging. 15 16 Unlike rigorous exercise, dipyridamole infusion normally causes only a small increase in myocardial oxygen consumption, 15 16 and it may therefore be safer than exercise testing within a few days of acute infarction. It is also more widely applicable since it can be performed regardless of the patientQs capacity to exercise or of concurrent blocker use. Dipyridamole induced thallium-201 redistribution has been reported to identify patients at increased ischaemic risk after uncomplicated myocardial infarction. [17] [18] [19] [20] [21] However, the overall patient experience has been small, dipyridamole thallium-201 scintigraphy was usually performed relatively late (nine or 10 days) after myocardial infarction, and few patients who had thrombolysis were included in these studies. [17] [18] [19] [20] [21] This present study was therefore designed to evaluate prospectively the safety and prognostic value of early dipyridamole thallium-201 scintigraphy, performed within three to five days after an uncomplicated myocardial infarction in a cohort of 200 consecutive patients, almost half of whom received thrombolysis.
Methods

SUBJECTS
The study population consisted of 200 patients (168 men and 42 women), aged 75 years or less, mean (SD) 58 (10) years, in whom we performed dipyridamole thallium-201 scintigraphy three to five days (mean four days) after acute myocardial infarction (table 1). The study cohort was recruited from 391 consecutive acute myocardial infarction patients admitted to the coronary care unit of Sir Charles Gairdner Hospital between March 1991 and November 1992. This study was approved by the human ethics committee of the University of Western Australia and all study participants gave their written informed consent. Acute myocardial infarction was confirmed by a history of ischaemic chest pain, a typical rise and fall of creatine kinase and creatine kinase isoenzyme (MB), and the appearance of new Q waves, evolving ST-T wave changes, or left bundle branch block on the electrocardiogram.
Study exclusions comprised 62 patients (16%) who had severe heart failure (n = 17), recurrent angina (n = 30), or persistent arrhythmias, including second or third degree atrioventricular block (n = 15), on day 3 after infarction. Patients would also have been excluded if they had severe reactive airways disease requiring continued treatment with xanthine derivatives, although none of our patients was excluded on that basis. Of the study eligible patients, 129 (33%) were considered suitable for dipyridamole study but could not have the thallium-201 scan since it was unavailable during the defined time window for study (n = 108), or they failed to give informed consent (n = 21). The resultant study population comprised 200 patients, 73 (37%) with anterior infarction, 69 (34%) with non-Q-wave infarction, and 92 (46%) who received thrombolysis with either streptokinase or tissue plasminogen activator (table 1) . The clinical characteristics of the study cohort were similar to the study eligible, non-enrolled patients except for a higher prevalence of non-Q-wave infarction in the former (table 1) . There was only one in-hospital death among the 329 study eligible patients (0.3%) compared with 13 in-hospital deaths (21%) among the 62 patients whose course was clinically complicated by day 3 after infarction and who were excluded from the dipyridamole study (p < 0.001).
DIPYRIDAMOLE THALLIUM-201 STUDY
All studies were performed in the nuclear medicine department using a standard small field of view scintillation camera (Technicare Sigma 420, Solon, Ohio, USA). The patients remained on their usual cardiac drugs, except for nitrates which were withdrawn for at least six hours before the study. At the time of study, 162 patients (81%) were on blockers and 60 (30%) were on a calcium channel blocker. A standard dipyridamole infusion protocol was used. 15 16 With the patient supine, dipyridamole was infused intravenously at a rate of 0.14 mg/kg/min over four minutes for a total dose of 0.56 mg/kg. Thallium-201 (2.0 mCi) was injected three minutes after completion of dipyridamole infusion. A 12 lead electrocardiogram, heart rate, and blood pressure were recorded at baseline and every two minutes for 14 minutes. Aminophylline 50 to 100 mg was given intravenously if patients developed prolonged chest pain or had severe flushing, headache, or tachycardia. Imaging was started seven to eight minutes after thallium-201 injection. Standard eight minute planar 35°left anterior oblique, anterior, and 70°left anterior oblique images were acquired and repeated in the same sequence three to four hours later, 30 minutes after thallium-201 reinjection (1.0 mCi).
THALLIUM-201 IMAGE ANALYSIS
Background subtracted planar thallium images were visually assessed, along with computer derived circumferential profiles. 22 For the purpose of this study the left ventricle was divided into five segments in each projection (fig 1) . Each segment was assigned a score of 0 to 3, depending on the thallium-201 activity (0 = normal activity, 1 = mild reduction, 2 = moderate reduction, 3 = severe reduction). All scans were read and scored independently by two experienced nuclear medicine physicians and by consensus where there was initial disagreement. Segmental perfusion defects were defined as showing thallium-201 redistribution if the defect score decreased by one or more grade between the initial and reinjection study. The myocardial segment showing redistribution was classified as being within or outside the infarct zone, based on its relation to the electrocardiographic site of infarction. However, a thallium-201 defect occurring in the apical segment was always assigned to the infarct territory. The number of myocardial segments showing thallium-201 redistribution was also recorded out of the total nine non-overlapping segments in the three projections (fig 1) . RADIONUCLIDE 
VENTRICULOGRAPHY
Resting equilibrium gated radionuclide ventriculography was performed in 195 (98%) of the patients at a mean of 11 (SD 5) days after acute myocardial infarction. In vitro labelling of the patient's erythrocytes was obtained using technetium-99m. A scintillation camera (Technicare Sigma 420) with a slant hole collimator was used and imaging of the left ventricular blood pool was performed in the left anterior oblique position. The counts were collected as a histogram, using synchronisation with the R wave on the ECG, and were stored in a computer with 24 images per cardiac cycle and a minimum of 7 × 10 6 counts per image. Left ventricular ejection fraction was calculated by methods previously described. 23 
FOLLOW UP
Clinical follow up was obtained on all patients at six months after hospital discharge. Cardiac events were defined as cardiac death, non-fatal reinfarction, and hospital admission for unstable angina. Subsequent coronary bypass graft surgery (CABG) or percutaneous transluminal coronary angioplasty (PTCA) was also a defined cardiac event but only if it was non-elective, that is, if it was needed because of unstable or recurrent angina. Cardiac events were further confirmed by hospital medical records.
DATA ANALYSIS
Results are expressed as mean (SD). Twogroup comparisons for continuous variables were made by Student's t test. Frequencies were compared by 2 analysis. Multivariate stepwise logistic regression analysis was used to determine independent predictors of defined cardiac events. Statistical significance was taken at p < 0.05. Analyses were performed using SAS (version 6.07; SAS Institute, Cary, North Carolina, USA, 1991) and EGRET epidemiological computer package (version 0.26.6; SERC, Seattle, Washington, 1990).
Results
CLINICAL RESPONSES TO DIPYRIDAMOLE
Intravenous dipyridamole increased heart rate from 65 (11) to 74 (12) beats/min (p < 0.001). Systolic blood pressure was unchanged by dipyridamole: 120 (17) mm Hg before administration and 120 (19) mm Hg after (NS). Side eVects including chest pain, headache, or severe flushing occurred in a minority of patients (table 2) . A possible ischaemic response with chest pain or 0.1 mV or greater ST segment deviation occurred in 36 patients (18%). Aminophylline was given for control of side eVects in 28 patients (14%). Dipyridamole infusion did not cause any major complications, including nonfatal infarction, serious arrhythmia, cardiac arrest, or death.
SCINTIGRAPHIC RESULTS
A dipyridamole induced reversible thallium-201 perfusion defect occurred in 123 patients (62%) in the study cohort. Thallium-201 redistribution was seen within the infarct zone in 101 patients (51%), and outside the infarct zone in 40 (20%). More extensive reversible ischaemia as defined by more than two myocardial segments showing thallium-201 redistribution occurred in 63 patients (32%). Patients who had dipyridamole induced chest pain or > 0.1 mV ST segment shift compared to those without an ischaemic response had a higher prevalence of thallium-201 redistribution: 28 of 36 (78%) compared to 95 of 164 (58%), respectively (p = 0.04). The resting radionuclide left ventricular ejection fraction was 52(11)% in the overall study population (n = 195). A subnormal ejection fraction (< 46%) was present in 45 of these patients (23%).
EFFECT OF THROMBOLYTIC TREATMENT
Clinical characteristics were not significantly diVerent between patients who did and did not receive thrombolysis, except for a lower prevalence of current smokers (p = 0.02) and an expected higher prevalence of non-Q-wave infarction (p = 0.002) in patients not given thrombolytic treatment (table 3) . Thrombolytic treatment was associated with a greater peak creatine kinase release (p < 0.001), and a higher subsequent resting left ventricular ejection fraction (p = 0.008). However, the prevalence and extent of dipyridamole induced thallium-201 redistribution were not diVerent between patients who did and did not receive thrombolysis (table 3) .
PREDICTION OF CARDIAC EVENTS
Clinical follow up was available on all patients at six months after their myocardial infarction. At follow up, 55 (28%) of the study cohort had experienced a cardiac event. These comprised two patients who died (both out of hospital sudden deaths), four with non-fatal reinfarctions, 10 readmitted to hospital for unstable angina, and 39 with recurrent or unstable 
The variables shown in table 4 were then entered in a stepwise logistic regression analysis. Dipyridamole thallium variables were entered by site of thallium-201 redistribution (nil redistribution; infarct zone alone; noninfarct zone alone; and combined infarct and non-infarct zones), as well as by extent (0 segments; < 2 segments; and > 2 segments). Independent predictors of cardiac events and their associated odds (risk) ratios are shown in table 5. With clinical variables alone, only a history of chronic angina was found to be an independent predictor of events (p = 0.03). After radionuclide left ventricular ejection fraction and site of dipyridamole induced thallium-201 redistribution were added to the model, the only significant predictors of outcome were thallium-201 redistribution in the infarct zone (p = 0.02) or in combined infarct and non-infarct zones (p < 0.001). However, the site of thallium-201 redistribution was no longer significant when the extent of redistribution was added to the model, and the occurrence of more than two myocardial segments with redistribution was selected as the only independent predictor of events (p < 0.001). After adjustment for all other variables, patients with thallium-201 redistribution involving more than two myocardial segments had a risk ratio of 7.5 (95% confidence interval 2.9 to 19.1) compared to those without any redistribution. Among the six patients who died or had recurrent non-fatal infarction, all had at least one segment of dipyridamole induced thallium-201 redistribution, and four had more than two segments of redistribution The sensitivity, specificity, positive predictive value, and negative predictive value for cardiac events of any dipyridamole induced thallium-201 redistribution were 82%, 54%, 37%, and 87%, respectively. For the occurrence of more than two myocardial segments with thallium-201 redistribution these values were 60%, 79%, 52%, and 84%, respectively. 
Discussion
There have been many papers on the value of non-invasive risk stratification of patients after myocardial infarction, with the majority of studies focused on exercise electrocardiographic testing, alone or in combination with thallium-201 scintigraphy. [6] [7] [8] [9] [10] [11] [12] [13] [14] Most of these studies evaluated patients in the prethrombolytic era. There is a perceived need for earlier risk stratification in patients receiving thrombolysis, because of the potential for salvaged but jeopardised myocardium in these patients. However, in the first few days after infarction, exercise testing is usually not feasible or has questionable safety. At this period, pharmacological "stress" testing with dipyridamole is likely to be safer and more widely applicable since it can be performed in virtually all patients regardless of their exercise capacity or blocker use. Our study results confirm that dipyridamole thallium-201 scintigraphy can be performed safely within three to five days of uncomplicated myocardial infarction, and that it could identify a subgroup of patients at increased risk of future cardiac events. In fact, the extent of dipyridamole induced thallium-201 redistribution was a strong and sole independent determinant of prognosis in our study cohort.
This present study comprises almost as many patients as the previous published experience of dipyridamole thallium-201 scintigraphy in patients recovering after acute myocardial infarction (see summary of studies in table 6). Most studies were performed relatively late (nine or 10 days) after infarction, [17] [18] [19] with the exception of that by Brown et al 21 who studied patients at an average of 2.6 days after their infarct, but in a relatively small cohort of only 10% of the eligible study population (table  6) . In our present large series of 200 patients, studied three to five days after uncomplicated acute myocardial infarction, no serious hazards-reinfarction, serious arrhythmia, cardiac arrest, or death-arose directly from the dipyridamole study. Intravenous dipyridamole, at a standard dose of 0.56 mg/kg, produced only a small increase in heart rate and rate-pressure product, in keeping with previous reported experience. 15 16 Symptomatic or electrocardiographic signs of ischaemia occurred in a minority (18%) of patients, and resolved rapidly with aminophylline. As the sensitivity of dipyridamole thallium-201 scintigraphy is unaVected by concurrent antianginal treatment (80% of patients were taking blockers), this increases the safety of testing at this early stage after infarction. Pronounced bronchospasm after dipyridamole was not observed, although patients with severe reactive airways disease unable to interrupt treatment with xanthine derivatives were excluded from study.
It should be emphasised that our study population represents a low risk group overall, consisting of patients who were clinically uncomplicated on the third day after infarction. [4] [5] [6] Nevertheless, they comprised the majority (84%) of our patients surviving infarction, and the challenge is to identify among them a number who are still at potential risk of adverse cardiac events. In our study patients, who had a normal left ventricular ejection fraction, residual ischaemia is the major determinant of prognosis, and such patients are most at risk of subsequent non-fatal ischaemic events, primarily reinfarction and unstable angina. Indeed, those patients whose course was subsequently complicated by a cardiac event had evidence of a smaller initial infarct but scintigraphic evidence of more residual ischaemia (table 4). As expected, these patients had a low mortality in the first six months (1.0%; only two died), but a moderately high morbidity rate (27%; 53 patients had reinfarction, unstable angina, or non-elective CABG or PTCA). Most of the cardiac events occurred in the first six weeks after infarction and it would have been useful to identify such patients for possible intervention before initial hospital discharge.
The high prevalence of thallium-201 redistribution detected in this present study (62%) is compatible with results from previous studies using exercise, [12] [13] [14] dipyridamole, [17] [18] [19] [20] [21] or adenosine scintigraphy 24 in postinfarction patients. Myocardial segments showing thallium-201 redistribution are thought to reflect viable but jeopardised myocardium, and can improve or normalise after revascularisation. 25 We used a three to four hour thallium-201 reinjection protocol in order to enhance the distinction between viable myocardium and scar, since "irreversible" thallium defects on standard three to four hour redistribution images will often show some reversibility with thallium reinjection. 26 As in other studies, scintigraphic redistribution occurred more often within than remote to the infarct zone. 12 13 20 21 24 This may reflect collateral supply to the infarct related occluded artery, 24 and the relatively high proportion of our patients who had non-Q- wave myocardial infarction (34%) or thrombolytic treatment (46%). However, periinfarctional ischaemia, if extensive, and distant ischaemia have both been found to be important determinants of prognosis. 27 Increased thallium-201 lung uptake and transient left ventricular dilatation have also been found to be of prognostic value in exercise thallium-201 scintigraphy after infarction 12 but were not reported in previous prognosis studies using dipyridamole [17] [18] [19] [20] [21] or adenosine thallium-201 scintigraphy. 24 These scintigraphic abnormalities generally reflect severe myocardial ischaemia. However, increased thallium-201 lung uptake after dipyridamole has not been found to predict the extent or severity of coronary artery disease. 15 In our clinical experience significant left ventricular dilatation is not often seen after dipyridamole infusion, probably because instead of producing true myocardial ischaemia, dipyridamole mainly causes regional myocardial perfusion abnormalities associated with hyperaemia, which are detected by thallium-201 imaging. 15 This is likely to have been the case in our patients, most of whom were on blockers at the time of study.
Our study confirms that dipyridamole induced thallium redistribution is the most important determinant of prognosis after uncomplicated myocardial infarction, in agreement with previous smaller studies (table 6). It should be emphasised that these patients were clinically uncomplicated early after infarction, and no clinical characteristic could readily identify their subsequent risk. We found that redistribution both within and outside the infarct territory, but particularly when it occurred in both, was a significant determinant of prognosis. However, on multivariate analysis it was the extent rather than the site of redistribution that was the more significant predictor (table  5) . Of the 63 patients from the study cohort (32%) who showed more than two myocardial segments with thallium redistribution, 33 (52%) had a subsequent cardiac event, and the adjusted risk ratio of an event was 7.5 (95% confidence interval 2.9 to 19.1) compared to those without redistribution. Of the 137 patients without this risk predictor, 115 (84%) remained event-free, and 67 of the 77 patients (87%) without any dipyridamole induced thallium redistribution remained event-free. While coronary angiography was not directly compared with thallium imaging, previous studies have suggested that angiographic findings alone may not be a good predictor of future cardiac events after infarction. 12 28 As an adjunct to angiography, thallium-201 scintigraphy can define the extent of myocardium perfused by a given coronary artery and the functional significance of a coronary stenosis, and it can distinguish scar from viable, jeopardised myocardium.
Most studies of non-invasive testing in the postinfarction population were performed before the era of routine thrombolytic treatment. 6 11 Successful thrombolysis might be expected to salvage myocardium but with a potentially increased risk of residual ischaemia. Nearly half of our study cohort received thrombolysis, and as expected these patients had a greater creatine kinase release and a higher subsequent left ventricular ejection fraction than patients not given thrombolysis (table 3) . Some but not all randomised trials have shown an increased risk of reinfarction and recurrent angina in patients receiving thrombolysis compared to placebo.
1 2 In this present study, patients who received thrombolysis had the same scintigraphic prevalence and extent of residual ischaemia and a similar incidence of later ischaemic events as those who did not have thrombolysis (table 3) . While this may appear surprising, thrombolysis may also reduce the risk of subsequent ischaemia, as it not uncommonly achieves patency of the infarct related artery without a severe residual stenosis. 29 30 Although early invasive investigation is often urged in patients who receive thrombolysis, the TIMI study indicated that a strategy of coronary angiography performed 18 to 48 hours after thrombolysis and followed by prophylactic coronary angioplasty oVered no advantages over a more conservative strategy in which these procedures were provided only to those with recurrent ischaemia. 30 In this respect, dipyridamole thallium-201 imaging may prove to be a useful approach in deciding who should proceed to early angiography and coronary intervention after thrombolysis.
STUDY LIMITATIONS
We used planar rather than single photon emission computed tomographic (SPECT) thallium-201 imaging, as the latter was not available in our laboratory at the time the study was begun. Compared with planar thallium imaging, SPECT is more sensitive to individual diseased arteries, and is inherently more quantitative. 31 Nevertheless, using planar imaging with a thallium reinjection protocol we were able to detect redistribution with the same frequency as a previous study with SPECT imaging. 24 While SPECT imaging should prove to be useful, particularly for better quantitation of the myocardial territory at risk, an increased sensitivity may not necessarily have improved the positive predictive value of the test, since only large redistribution was found to be prognostically important. Cardiologists were allowed access to test results, which may have influenced their decisions over coronary intervention in their patients. However, to try to reduce this bias we had decided that only nonelective CABG or PTCA performed for unstable or recurrent angina should be included as cardiac events. The median time to intervention in these patients indicated that coronary interventions were generally not related to the initial hospital admission, and they were not primarily influenced by the scintigraphic results. Finally, in our large study population the number of subsequent "hard" cardiac events (cardiac death or non-fatal reinfarction) was low, as would be expected in patients who were clinically uncomplicated by the third day after infarction. Nevertheless these represent the majority of patients surviving acute myocardial infarction (84% in our study), in their further
